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Mass spectrometryeruginosa bacteriophage LUZ24 (45,625 bp) was isolated from hospital sewage. It
belongs to the family of the Podoviridae, and carries a bidirectionally transcribed dsDNA genome delineated
by two direct terminal repeats of 184 bp. In vitro transcriptional analysis identiﬁed seven σ70 promoters,
revealing a bias towards stronger promoter strength in the late genomic region. Reverse transcription
demonstrated in vivo splicing of a 668 bp Group I intron embedded inside the DNA polymerase gene. Using
mass spectrometry, nine structural proteins were identiﬁed as part of the phage particle. The lytic charac-
teristics of LUZ24 are evaluated against its genomic content, which displays an overall 71% sequence
similarity to the temperate phage PaP3.
© 2008 Elsevier Inc. All rights reserved.IntroductionIn current databases, ﬁve types of Pseudomonas-infecting Podoviridae
can be distinguished based on genome organization and behaviour
during infection. While gh-1 is a stricto sensu T7-like lytic phage
(Kovalyova and Kropinski, 2003), theφKMV-like phages form a genus of
widespread and highly virulent phages with a genome architecture
which only roughly resembles T7 (Lavigne et al., 2003). A third group
includes uncharacterized temperate phages Pap2 (NC_005884) and
119X (NC_007807), which display 93% nucleotide sequence identity
(Kwan et al., 2006). As a fourth type, the temperate and pilus-speciﬁc
phage F116 (65,195 bp) replicates extrachromosomally as a plasmid
during its lysogenic cycle and is considered as a genomic orphan (Byrne
andKropinski, 2005). Finally, phage PaP3 (NC_004466) is also described
as a temperate phage and unrelated to any known phage. The PaP3
genome has 5′-protruding cohesive ends, and is able to integrate into
the tRNAlys gene of its host (Tan et al., 2007).We present here a detailed
analysis of the particle structure, infectivity and genomic content ofKatholieke Universiteit Leuven,
+32 0 16 32 19 65.
igne).
l rights reserved.Pseudomonas aeruginosa phage LUZ24, which was isolated as a virulent
phage, but proved to be closely related to PaP3.
Results
Phage characteristics
Phage LUZ24 was isolated from hospital sewage using the clinical
P. aeruginosa strain Li010 (Pirnay et al., 2002) as enrichment host. Phage
particle morphology clearly classiﬁes LUZ24 within the Podoviridae
family of short-tailed phages, consisting of an icosahedral head with a
63 nm diameter and a short tail of 12×8 nm. Some decoration proteins
can be distinguished, protruding from the phage capsid (Fig. 1A).
Standard stability assays show that LUZ24 retains its infectivity frompH
4up topH11, but titer levels drop80%after 9months of storage at 4 °C in
standard phage buffer (pH 7.5). When LUZ24 is incubated with P.
aeruginosa strain Li010, large (5 mm) and clear plaques arise, and
spontaneous resistant P. aeruginosa colonies only appear after 48 h of
incubation. One-step growth experiments show an efﬁcient adsorption
(81% in 5min) anda short latent period (approx. 40min),which leads to
an average release of 64 phage particles for each infected cell
(Supplementary Fig. S1).
Extensive host range screenings on environmental and clinical
P. aeruginosa strains (Pirnay et al., 2002) show that LUZ24 lyses 36 out
of 123 (29%) strains, including multi-drug resistant P. aeruginosa
strains Br642 and Br776. Surprisingly, only small and turbid plaques
(1 mm) arise after infection of P. aeruginosa PAO1, although a slightly
Fig. 1. A. Electron microscopic image of a negatively stained LUZ24 particle. Scale bar
represents 50 nm, capsid decorations are marked by arrows. B. Phage particle proteins
separated on a 12% SDS-PAGE gel, in parallel to a LMW-size ladder (kDa).
234 Rapid Communicationmore efﬁcient adsorption (91% in 5 min) and no signiﬁcant difference
in latent period or burst size could be noted (Supplementary Fig. S1).
Despite the suspicion of lysogeny, all attempts to isolate stable lyso-
genic P. aeruginosa clones failed. DNA was extracted from phage-
resistant P. aeruginosa clones isolated from turbid plaques and batch
cultures. No phages could be induced, and no integrated LUZ24 DNA
sequences could be demonstrated by PCR or restriction analysis.
Genome sequence and regulation
The LUZ24 particle encapsulates a linear dsDNA molecule consist-
ing of 45,625 bp (52% GC). The genome sequence showed an average
redundancy of 5.6, and every base position was covered by at least
three independent sequence reactions. Phage LUZ24 encodes 68
proteins, 47 of which are arranged in rightward orientation while 21
aim leftward (Table 1, Fig. 2), and is delineated by two 184 bp direct
terminal repeats (DTRs) (Supplementary Fig. S2). As found in similarly
organized phages, the opposing transcriptional gene clusters are
separated by a strong bidirectional terminator (Table 2).
The genome of LUZ24 displays an overall nucleotide identity of 71%
to phage PaP3. Eight small insertions/deletions are present and 88% of
the encoded gene products are related between both phages (Table 1,
Fig. 2). However, the cos site identiﬁed in PaP3 is not conserved in LUZ24,
and no difference in restriction patterns could be observed if samples
were heated to 80 °C prior to separation on a 1% agarose gel (data not
shown). Moreover, only two tRNA genes (tRNAAsn and tRNAPro) are
present at the right end of the LUZ24 genome, compared to four in PaP3.
The evolutionary advantage of these tRNA genes seems rather small,
since no clear codon preference in LUZ24 compared to P. aeruginosa
could be detected.
To experimentally identify bacterial promoters in LUZ24, a threefold
redundant fragment (200–300 bp) library was generated in the broad-
spectrum promoter trap vector pTZ110 (Schweizer and Chuanchuen,
2001). Promoter activitywas determined quantitatively in P. aeruginosa
cells by measuring the β-galactosidase activity in a Miller assay (Miller,
1992). Seven σ70-speciﬁc promoter regions were identiﬁed, spread
throughout the genome and displaying a clear P. aeruginosa consensus
sequence (TTGACa-N17-TATaaT, Table 2) (Dominguez-Cuevas andSylvia,
2004). This indicates the dependency of LUZ24 on the transcriptional
machinery of its host throughout the entire infection cycle. Promoters
located in the right arm are clearly stronger, which might be explained
by the presence of A-rich tracts upstream the −35 and −10 regions, a
phenomenon also observed in phages T4 and T5 (Miller et al., 2003).
Genes involved in host conversion and metabolism
Since LUZ24 (and PaP3) diverged strongly from other currently
investigated phages, only a limited number of protein functions could
be predicted by similarity searches. Especially proteins presumed tobe involved early in the infection process can differ considerably, even
between very closely related phages (Fig. 2) (Ceyssens et al., 2006).
One exception is ORF2, which is conserved in PaP3, in the entireφKMV
genus and in phage PA11, suggesting a crucial role in infection and/or
conversion of P. aeruginosa.
The middle genome region of LUZ24 encodes proteins involved in
biosynthesis (gp18–22) followed by a phage T7-type genome replica-
tion module, with a primase-helicase (gp24) encoded directly up-
stream the DNA polymerase. Based on mutual sequence comparisons,
we propose the annotation of a new ORF in PaP3 (ORF23.1, 21674–
21465), which is perfectly well conserved in LUZ24 (ORF46).While the
PaP3 DNA polymerase is composed of two separate polypeptides (Tan
et al., 2007). LUZ24 carries an endonuclease VII (ORF35) inserted
within the ‘core’ polymerase, splitting the DNA polymerase gene in
three separate parts (ORFs 25, 34 and 36, Fig. 3). However, closer
inspection revealed the presence of a group I intron-like sequence,
which may have inserted into the phage genome through the process
of homing (Sandegren and Sjöberg, 2007). To conﬁrm the presence
of this predicted intron, total RNA was isolated from infected
P. aeruginosa cells PCR performed on ﬁrst-strand cDNAyielded smaller
products compared to control reactions on LUZ24 DNA template
(Fig. 3). Subsequent cycle sequencing using ORF primer PF and internal
primers Pf1, Pf2 and Pir revealed the absence of the predicted 668 bp
fragment (19145–19812) in the cDNA. The self-splicing of this intron
completely restores the reading frame of the large DNA polymerase
subunit.
Despite the lack of nucleotide similarity to other phage introns, the
embedded endonuclease is related to the intron-associated endonu-
clease of Synechococcus phage S-PM2 (Mann et al., 2005) and resembles
(among others) free-standing endonucleases of T7-like Yersinia phages
Berlin and phiYeO3-12. A comparable 787 bp insertion containing
a similar endonuclease is also present in the DNA polymerase gene of
T7-like phage Pf-WMP3 (EF537008), strongly suggesting the presence
of a self-splicing intron in the genome of this cyanophage.
The presence of this intron within the DNA polymerase gene of
LUZ24 conﬁrms a common theme seen in many phage genomes, i.e.,
that phage introns target highly conserved regions within functionally
important genes. It is speculated that these introns might confer a
selective advantage to the phage by offering the possibility of regu-
lating the expression of the intron-containing genes by the regulation
of splicing (Mann et al., 2005). By providing the ﬁrst experimental
evidence of a self-splicing intron in the genome of a Pseudomonas
phage, we support the current hypothesis that there seems no barrier
for intronmaintenancewithin the phages of the Proteobacteria (Bono-
cora and Shub, 2004).
Particle formation and host lysis
The genes transcribed from the right arm are involved in virion
assembly and host lysis, and follow a conserved gene order with the
large subunit of the terminase (gp66) encoded downstream the portal
(gp65), scaffolding (gp63) and the capsid protein (gp62). Following this
conserved genomic organization, upstream ORFs probably encode the
internal core, tail tube and tailﬁbers, but only a tail collardomain (gp57)
could be predicted through similarity searches. To obtain a more com-
prehensive view of the structural region, individual proteins within the
mature phage particle were identiﬁed with ESI–MS/MS. Mass spectro-
metric analysis of denaturated phage particles, with and without prior
fractionation on a 1D-SDS-PAGE gel (Fig. 1B), identiﬁed nine structural
gene products with a total protein coverage ranging from 13 to 88%
(Table 1). This analysis delineates the structural region from gp49 to
gp65, and conﬁrms gp62 as the most abundant protein in the particle.
Surprisingly, gp57 has a tail collar domain and displays similarity to tail
ﬁber proteins of many Yersinia phages, but is not identiﬁed in this
analysis. This is most likely due to the underrepresentation of arginine
and lysine residues in its primary protein sequence, which precludes
Table 1
Bioinformatic analysis of the LUZ24 genome
ORF Location Mw (kDa) Strand Best phage homolog E-value % AA coveragea Comments
1 1020–1190 6.3 + No similarity
2 1208–1762 21.0 + LKD16 gp3 3e-5 Also present in ϕKMV, LKA1 and PaP3
3 1974–2192 8.2 + PaP3 p69 2e-6
4 2189–2329 5.7 + PaP3 p68 8e-14
5 2326–2409 3.1 + PaP3 p67 4e-5
6 2509–2691 6.9 + PaP3 p66 4e-6
7 2823–3056 8.5 + PaP3 p65 1e-10
8 3058–3333 10.5 + PaP3 p61 6e-30
9 3487–3633 5.6 + PaP3 p60 7e-21
10 3642–3893 9.4 + PaP3 p59 3e-25
11 3883–4164 10.6 + PaP3 p58 3e-7
12 4164–4823 24.4 + PaP3 p55 2e-27 C-terminal ATPase domain [Pfam domain PF02449, E=0.75]
13 4979–5131 8.3 + No similarity
14 5443–6405 3.6 + PaP3 p50 6e-39
15 6424–7380 35.8 + PaP3 p49 3e-50
16 7377–8177 29.6 + PaP3 p48 1e-94 Conserved in PA11 [E=4e-30]
17 8170–8739 21.7 + PaP3 p47 8e-47
18 8715–9890 44.4 + PaP3 p46 4e-115 Conserved in PA11 [E=2e-22]
19 9902–11434 55.9 + PaP3 p45 0.00 L-glutamine-d-fructose-6-phosphate amidotransferase GATase_2 domain
[Pfam domain IPR000583, E= 2e-6]
20 11444–11665 8.6 + PaP3 p44 5e-18 Conserved in PA11 [E=1e-21]
21 11793–12677 32.2 + PaP3 p43 9e-97 [Pfam domain RimK, E=2e-3]
22 12677–13075 14.8 + PaP3 p42 9e-43 Biosynthesis related [Pfam domain UPF0131, E=2e-4]
23 13075–13452 14.2 + PaP3 p41 2e-26
24 13453–15162 64.4 + PaP3 p40 0.00 Primase/helicase Conserved in PA11 [E=8e-69]
25 15146–15655 19.7 + PaP3 p39 4e-85 DNA polymerase (~T7 DNA pol. res. 2–186)
26 15668–15937 9.7 + PaP3 p38 5e-20 Contains one transmembrane domain
27 15969–16202 8.8 + No similarity
28 16183–16374 7.2 + PaP3 p37 2e-16
29 16364–16525 5.8 + PaP3 p36 3e-08
30 16516–16935 15.8 + Mx9 p02 5e-13
31 16932–17216 10.7 + PaP3 p35 8e-34 Putative holin; 3 transmembrane domains
32 17341–17796 17.9 + PaP3 p34 1e-19
33 17801–17998 7.5 + PaP3 p33 2e-20
34 17999–19180 45 + PaP3 p32 0.00 DNA polymerase (~T7 DNA pol. res. 207–525)
35 19250–19666 16.1 + phage Berlin 2e-21 Endonuclease_7 [Pfam family PF02945, E=5e-15]
36 20024–20305 10.7 + PaP3 p32 4e-11 DNA polymerase (~T7 DNA pol. res. 621–706)
37 20375–20929 20.7 + PaP3 p31 8e-88
38 20907–21410 18.3 + PaP3 p30 9e-81 Also present in /KMV and LKD16
39 21436–21666 8.8 + PaP3 p29 7e-20
40 21666–22115 17.1 + ES18 gp47 8e-20 Related to both gp2.8 and gp7.7 of T7
41 22200–23030 31.8 + PaP3p28 4e-121 5'–3′ Exonuclease [Pfam family PF01367, E=4e-9]
Conserved in PA11 [E=5e-29]
42 23008–23952 35.5 + PaP3 p27 1e-59
43 24002–24184 7.2 + PaP3 p26 4e-20
44 24177–24938 29.3 + PaP3 p25 1e-127
45 24935–25153 8.1 + PaP3 p24 2e-28
46 25157–25366 7.8 + PaP3 p23.1 6e-45 Newly deﬁned in the PaP3 genome
47 25353–25559 7.7 + PaP3 p23 2e-09
48 26123–25767 12.6 – PaP3 p21 2e-40
49 27025–26138 31.6 – PaP3 p20 1e-146 61.1 Structural protein
50 30204–27037 112.0 – PaP3 p19 0.00 30.5 Structural protein
51 31872–30355 53.5 – PaP3 p18 2e-169 16.2 Structural protein
52 32257–31877 12.6 – PaP3 p17 1e-25 60.6 Structural protein
53 33198–32257 32.0 – PaP3 p16 2e-113 15.3 Structural protein
54 33613–33179 16.6 – PaP3 p15 2e-76
55 34299–33610 25.2 – PaP3 p14 3e-107
56 35837–34296 57.5 – PaP3 p13 0.00 14.2 Structural protein
57 36493–35846 22.0 – PaP3 p12 1e-114 Phage Tail Collar Domain [Pfam family PF07484, E=5.6e-19]
58 36731–36483 8.8 – PaP3 p11 2e-17
59 36927–36715 7.7 – PaP3 p10 4e-17
60 37543–36917 24.0 – PaP3 p09 3e-111 12.9 Structural protein
61 37867–37547 12.0 – PaP3 p08 3e-49
62 38868–37915 35.0 – PaP3 p07 2e-168 88.4 Major head protein
63 39879–38887 37.2 – PaP3 p06 2e-108 Scaffolding protein
64 40094–39879 8.2 – PaP3 p05 4e-21
65 42244–40124 81.1 – PaP3 p04 0.00 35.9 Portal protein
66 43692–42244 54.6 – PaP3 p03 0.00 Terminase, large subunit [Pfam family PF03237, E=1.2e-111]
67 44090–43692 14.8 – PaP3 p02 1e-55 T4-like Lysozyme
68 44580–44122 16.7 – PaP3 p01 1e-69 Terminase, small subunit (PsiBlast)
44680–44607 – tRNA-Pro [tRNAscan-SE]
44852–44780 – tRNA-Asn [tRNAscan-SE]
a Part of the predicted structural protein which was identiﬁed as part of the phage particle by mass spectrometry.
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Fig. 2. Side-by-side comparison of the LUZ24 and PaP3 genomes, marking the amino acid identities of the corresponding ORFs in different shades of blue. Insertions and deletions are
indicated, as are the experimentally identiﬁed σ70 promoters (arrows with length according to the promoter strength) and rho-independent terminators (open circles). One copy of
the LUZ24 DTR (black arrow) is also present in the genome of PaP3. The identiﬁed structural proteins are marked with asterisks, and the newly annotated PaP3 gene is hatched.
236 Rapid Communicationsuitable trypsinization for peptide identiﬁcation. All other non-
identiﬁed predicted proteins in this region are rather small (b12 kDa)
and may have fallen below the threshold for detection.
The encoded terminases of LUZ24 (gp66) andPaP3 (gp3) are strongly
related to thewell-characterized terminase of phage P22 (Blastp e-value
of 4E-69), which catalyses the sequential headful packaging of P22 DNA
leading to both terminal redundancy and circular permutation (Wu
et al., 2002).
The lysozyme of LUZ24 (gp67) is encoded between both subunits
of the terminase, and carries the conserved catalytic residues E32 and
D41. It lacks a cell wall binding module, but is probably able to reach
the peptidoglycan layer with the help of gp31. This short protein has
three transmembrane domains and carries a positively charged intra-
cellular C-terminal end (DRVFHKKA), typical for class I holins (Wang
et al., 2000).
Discussion
It seems unlikely that the newly isolated phage LUZ24 has a
temperate nature, despite being very homologous to PaP3. LUZ24
shares its bidirectional genome organization with a vast number of
virulent phages like cyanophages P60, Pf-WMP3 and Pf-WMP4, rose-
ophage SIO1 and vibriophage VpV262 (Liu et al., 2007). Corresponding
to the latter phages, it carries DTRs at the genomic ends and lacks any
gene or regulatory systems which suggest integration or lysogenic
behaviour in its host bacterium. The P. aeruginosa tRNAlys gene is
proposed as PaP3 integration site (Tan et al., 2007), but in contrast to
other tRNA-integrating phages like mycobacteriophage Ms6 (Freitas-
Vieira et al., 1998) and Streptococcus phage T12 (McShan and Ferretti,
1997), no site-speciﬁc recombinase is encoded upstream or down-
stream the PaP3 attP site. Although ﬁlamentous ssDNA phages like ctxφ
exist which recruit host-encoded recombinases, underlying mecha-
nisms differ profoundly and integration-associated proteins like RstB
are encoded in the CTXφ genome (Davis and Waldor, 2000).Table 2









Terminator Sequences (ΔG, kcal/mol)
25725–25768 AAAAAAAAGGCCCCAAGGGTATCATCCCAA
37886–37907 ACGGGGCCCTTCGGGGCCCTTGTTT
The −35 and −10 promoter boxes, and stem-loop structures of the terminators are marked
a Measurements were performed in threefold, activity units were calculated as describedFurthermore, neither immunity nor reactivation of the integrated
PaP3 DNAwas demonstrated by Tan et al. (2007). These arguments call
into question the temperate nature of PaP3, although very closely
related temperate and lytic phages have been reported before, i.e.
phages L5 and D29 (Ford et al., 1998).
Another intriguing ﬁnding is that the end structures of virion
chromosomes of both PaP3 (5′-protuding cohesive ends) and LUZ24
(184 bp DTRs, Supplementary Fig. 2) differ from those observed in P22,
despite the fact that their terminases are strongly related. The same
observationwasmade in the recently sequenced E. coli phage phiEco32,
which carries 193-bp direct repeats and also encodes a P22-like ter-
minase (Savalia et al., 2008). At ﬁrst glance, this seems to contradict
current theory that the structure of virion DNA ends can be accurately
predicted based on amino acid similarity of the predicted terminase
(Casjens et al., 2005). However, it is common among all the relevant
terminases that the large terminase subunit does not determine the cut
sites through sequence speciﬁcity. All four nicks in LUZ24 and both
nicks in PaP3 are at different sequences, suggesting that some other
component of the packaging apparatus leads the terminase to its cut
sites. This might explain how the large terminase subunits can be 97%
identical between LUZ24 and PaP3 and yet participate in a different end
cutting strategy. This hypothesis implies however the presence of
another (yet unspeciﬁed) function that must differ between LUZ24 and
PaP3.
Despite the differences stated above, LUZ24 (isolated in Belgium)
and PaP3 (isolated in China) remain closely related phages and re-
present a new genus within the Podoviridae family. The world-wide
spread of closely related phages has been reported repeatedly, and
maybe best illustrated by the occurrence of nearly identical structural
gene sequences in environments as far-reaching as the Southern
Ocean, the Gulf of Mexico and a melt-water pond on an Artic ice shelf
(Short and Suttle, 2005). LUZ24 and PaP3 lack sequence similarity to
other phages, but the closely related gene map and a strikingly con-












Fig. 3. Schematic representation of the genomic region encoding the three DNA polymerase polypeptides, with demonstration of in vivo splicing of the intron DNA interrupting
ORF34. Lanes 1, 2 and 3 of the 1% agarose gel contain PCR product obtained on LUZ24 DNA with primers PF–PR, PF–Pir and Pf2–PR, respectively. Lanes 4, 5 and 6 contain PCR product
obtained from a cDNA template, using the same primer combinations. Lane 7, Smartladder (Eurogentec).
237Rapid Communicationfrom phages like P60, Pf-WMP4, SIO1 and VpV262. Despite the enor-
mous global phage diversity which arose through the course of evo-
lution, the number of truly different phages infecting a given host
appears to be ﬁnite. Our efforts to build a comprehensive view of the
global genomic diversity among Pseudomonas phages will continue.
Materials and methods
Phage manipulations
Phage LUZ24 was isolated by spotting of a cleared and ﬁltered
(0.45 μm) hospital sewage sample (UZ Leuven, Belgium) on lawns of
P. aeruginosa strain Li010. The phage was ampliﬁed on solid plate
cultures, concentrated by PEG8000 precipitation and puriﬁed by two
successive CsCl gradient centrifugations. Phage particles were stained
with 2% uranyl acetate (pH 4.5), followed by electron microscope
imaging performed according to Ackermann (in press). Analysis of
structural proteins, host range, pH stability, adsorption efﬁciency,
latent period and burst size was performed as described elsewhere
(Lavigne et al., 2006; Carlson, 2005; Ceyssens et al., 2008). LUZ24 was
sequenced by a combination of shotgun sequencing (pJET1 vector,
Fermentas, Germany) and primer walking, followed by in silico cha-
racterization as described by Ceyssens et al., 2006. Phage particles
were destabilized by four successive rounds of freeze–thawing and
sonication, heated for 10 min at 95 °C and reduced in the presence of
10 mM DDT for 1 h at 56 °C. Disulﬁde bounds were blocked by alkyl-
ation with 10 mM Iodoacetamide, followed by trypsinistation of the
entire mixture and identiﬁcation of structural phage particle proteins
as described by Lavigne et al. (2006).
In vivo splicing assay
P. aeruginosa Li010 was grown to an OD600 of 0.4 and infected with
LUZ24 at a multiplicity of 10 per cell. Ten minutes after infection, 4 ml
cells were harvested and quickly frozen to −80 °C. Total RNA was
isolated using an RNAeasy mini-prep kit (QIAGEN), removing con-
taminating DNA with RNase-free DNase. Two microgram of total
RNA was incubated with 20 pmol of the sequence-speciﬁc primer PR
(5′–GCCAAAGGACAGTTAACCCCGAGGAGTTC–3′), followed by ﬁrst-
strand cDNA synthesis using the RevertAid™ H Minus kit (Fermen-
tas). Resulting cDNA was puriﬁed, ten times diluted and used for PCR
ampliﬁcation and subsequent cycle sequencing with primers PR, PF
(5′–ATCATCAGCCGCCAGAGTAAACGTGGAG–3′) and internal primers
Pf1 (5'–GGGTAAGTGGAAGACTGTAGGAAAG–3′), Pf2 (5'–GGGCTATGGCT-
GATGAACGAG–3′) and Pir (5'–CAATGACTTGTGGATCATCACGTCGCC–3′).The genome of bacteriophage LUZ24 is deposited at Genbank
under accession number NC_010325.
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